By use of threading methods, the C-terminal region of uridine diphospho-N-acetyl-D-galactosamine:polypeptide N-acetylgalactosaminyltransferases (ppGalNAc-transferases) was predicted to have the same fold as the lectin-domain of the plant cytotoxins ricin and abrin-a, for which crystal structure are available. The sequence identities are very low. Nevertheless, the amino acids involved in the hydrophobic core essential for the structure stability and the cysteine residues are conserved. In addition, the amino-acids involved in carbohydrate binding are conserved in ppGalNAc-transferases. The extra C-terminal domain of these enzymes is therefore a putative glycan-binding domain. A model of the lectinlike domain of human ppGalNAc-transferase T1 was built using knowledge based methods. Geometry optimization of the complex with galactose allowed prediction that this domain could bind this monosaccharide. However, the interaction seems to be rather weak, and at the moment there is no evidence that ppGalNAc-transferases displays a lectin activity in vivo.
Introduction
The biosynthesis of the glycan moieties of glycoproteins involves more than 100 different glycosyltransferases which successively add monosaccharides to the growing complex carbohydrate chain (Kleene and Berger, 1993) . Mucin-type O-linked glycosylation is initiated by the enzyme uridine diphospho-N-acetyl-D-galactosamine:polypeptide N-acetylgalactosaminyltransferase (ppGalNAc-transferase) (EC 2.4.1.41), which catalyses the transfer of N-acetylgalactosamine from UDP-GalNAc to the hydroxyl group of threonine and serine residues on polypeptides (see review by Clausen and Bennett, 1996) . Several mammalian ppGalNAc-transferases have been identified, which show different peptide substrate specificities and different patterns of expression (Marth, 1996) . At the present time, four human ppGalNAc-transferases (Meurer et al., 1995; White et al., 1995; Bennett et al., 1996; Bennett et al., 1997) have been fully characterized and have been labeled from GalNAc-T1 to GalNAc-T4. These enzymes share between 40 and 45% amino acid sequence identity and they have almost identical counterparts in several other mammals.
At the present time, no crystal structure of eukaryotic glycosyltransferase has been solved. Although there are no detectable homologies among the different eukaryotic glycosyltransferases, all the Golgi-localized ones share the same global organization. They are type II membrane proteins, consisting of a short N-terminal cytoplasmic domain, an uncleaved signal peptide which serves as a transmembrane domain, a stem domain of variable length and a globular catalytic domain. A recent fold-recognition study on fucosyltransferases predicted the occurrence of a nucleotide-binding domain of the Rossman type at the Cterminal end (Breton et al., 1996) . A sequence comparison between ppGalNac-transferases and other proteins has been conducted recently (Hazes, 1996) . In the framework of a larger sequence-structure relationship study of glycosyltransferases (Breton et al., 1996) , ppGalNAc-transferases have been compared with enzymes which have the same donor substrate but different acceptor substrates. The ppGalNActransferases have a longer peptide sequence than the other GalNAc-transferases. When examining the sequences in more detail, it appears that the cytoplasmic, transmembrane and stem domains have about the same size as other glycosyltransferases. In contrast, the 'catalytic' domain is about 100 amino acids larger and the aim of this work was to characterize the extra domain which is present only in ppGalNAc-transferases.
Materials and methods
Fold recognition is a theoretical approach which allows one to align one sequence with one structure, by a process referred to as 'threading' (Lemer et al., 1995) . In practice, a library of known 3D structures is searched to determine the fold that gives the best alignment with the sequence of interest. In the present work, the ProFIT program (Sippl and Flöckner, 1996) from the ProCyon package (King's Beech, 1997) was used to screen a database of more than 300 structures.
Refinement of the alignment of the ppGalNAc-transferases with plant lectins was performed using the hydrophobic cluster analysis method (Gaboriaud et al., 1987) . This graphics method is based on the conservation of the hydrophobic clusters and has been demonstrated to be very efficient for aligning sequences with a low degree of identity.
The protein model was built using the COMPOSER knowledge-based molecular modeling program (Blundell et al., 1988) as part of the Sybyl software (Tripos Associates, 1988) . A library consisting of the four structures identified by ProFIT (see below) was used for defining the structurally conserved regions. Special care was taken in the construction of the loops. Finally, all hydrogen atoms were added and the charges were calculated. Several cycles of energy minimization were carried out using the Tripos force field (Clark et al., 1989) . The final model, validated using the PROCHECK program (Laskowski et al., 1993) , did not show any stereochemical defect (see Figure 2 ).
The energy minimization of galactose in the putative binding site of GalNAc-T1 was performed using the Tripos Fig. 1 . Alignment of the C-terminal region of human ppGalNActransferases with the lectin chain (B-chain) of ricin and abrin-a. The three-dimensional structures of ricin (Rutenber and Robertus, 1991) and abrin-a (Tahirov et al., 1995) were used to determine the limits of the three pseudo-repeats α, β and γ. The sequences were aligned with the help of the three-dimensional structures for the plant lectins and with the HCA program. For the B-chain of ricin and abrin-a, the amino acids involved in the formation of the hydrophobic core have been boxed in grey, the cysteine residues involved in disulfide bond have been boxed in white and the residues directly involved in galactose-binding have a black background. The same shading has been applied to corresponding amino acids of ppGalNAc-transferases. The lines under the sequences define the structurally conserved regions used as a framework for building the three-dimensional structure of GalNAc-T1 force field with inclusion of energy parameters developed for carbohydrates (Pérez et al., 1995) .
Results and discussion
In the ProFIT threading calculations, two scores are calculated for each 1D-3D alignment, one for the resulting amino acids pairwise alignment and one for the energy fit. For all ppGalNAc-transferase sequences, better recognition scores were obtained for an alignment of the C-terminal region sequence with the 3D structures of the B-chain of ricin (Rutenber and Robertus, 1991) and abrin-a (Tahirov et al., 1995) . In all cases, for the first score, rank one was always obtained for the B chain of abrin-a and rank two for the B-chain of ricin. Both are related glycoproteins (identity score of about 60%), displaying a lectin activity toward galactose and consisting of two similar domains of about 120 amino acids. Each domain has no regular secondary structure but displays a pseudo-threefold symmetry, stabilized by disulfide bonds and hydrophobic contacts.
The sequence alignment deduced from the fold recognition study is displayed in Figure 1 . All the amino acids involved in the structural stability of such small proteins, i.e. those of the hydrophobic core and the cysteine residues, are conserved in the ppGalNAc-transferase sequences. In addition, the amino acids involved in carbohydrate binding are conserved in the α subdomain of all ppGalNAc-transferases. The extra C-terminal domain of these enzymes is therefore a putative glycan-binding domain.
Since this domain is homologous to plant lectins with known 3D structures, it is possible to build a model, by using the conserved regions underlined in Figure 1 . Validation of the final model by the PROCHECK program (Laskowski et al., 1993) did not show any stereochemical defect ( Figure  2 ). This model exhibits the same pseudo-threefold symmetry as the B-chain of the two plant toxins. The hydrophobic core consists of nine amino acids (Ile434, Leu443, Phe468, Ile476, Leu483, Trp506, Leu515, Leu524 and Trp548) that display the same kind of interaction as their counterparts in ricin and abrin-a. Three disulfide bonds are present, Cys442-Cys459, Cys482-Cys497 and Cys523-Cys540, each stabilizing one of the three subdomains α, β and γ. Interestingly, the disulfide bond of the γ subdomain that is absent in ricin and abrin-a is predicted to occur in ppGalNActransferases. The N-glycosylation site at Asn552, is also present in abrin-a and ricin.
In the putative carbohydrate-binding domain of ppGalNAc-T1, Asp444, Phe457 and Asn465 have positions similar to the ricin B residues Asp22, Trp37 and Asn46, respectively. It is therefore possible to dock a galactose residue in this binding site (Figure 3 ). Using energy parameters developed for protein-carbohydrate interactions (Pérez et al., 1995) , it is predicted that galactose can be accommodated in the carbohydrate binding site of GalNAc-T1. The hydroxyl groups O3 and O4 of galactose establish hydrogen bonds with Asp444 and Asn465, whereas the hydrophobic face of galactose creates a stacking interaction with the aromatic side chain of Phe457. In abrin-a and ricin, the complex is further stabilized by a fourth amino acid, either glutamine or isoleucine. Only GalNAc-T3 presents an isoleucine residue at this position (equivalent to Gln35 of ricin in Figure 3 ). For the other ppGalNAc-transferases, this putative interaction may be weaker since this amino acid is replaced by a glycine or a serine.
In the present work, the similarity between ppGalNActransferases and B chains of plant toxins has been detected by a fold recognition method. It appears that sophisticated alignment methods, such as the hidden Markov model, are also powerful enough to detect the repeated ricin-like domain. While the present modeling study was carried out, Hazes (1996) demonstrated the occurrence of the same ricinlike repeat, also referred to as the (QxW) 3 sequence, in more than 20 proteins, including ppGalNAc-transferases, glycosylhydrolases, sponge lectins and virus hemolysin. In most cases, the (QxW) 3 sequence is assumed to correspond to a glycan-binding domain. Hazes hypothesized that this domain appeared early during evolution and was then conserved and combined with many different proteins, therefore adding new properties.
As for ppGalNAc-transferases, the question remains about the supposed specificity and role of such a domain. It has been demonstrated here that galactose (or GalNAc) could be bound in the α subdomain. However, in contrast with ricin and abrin-a which have two three-fold domains, the ppGalNAc-transferases have only one potential sugar binding site which would make them very weak lectins. Indeed, preliminary affinity studies failed to demonstrate a binding of monomeric GalNAc-T1 to galactose or GalNAc-containing glycoproteins (V. Piller and F.Piller, unpublished results) . On the other hand, glycosyltransferases are thought to be organized in homo-or heterooligomeric complexes in the membranes of the Golgi cisternae (Colley, 1997) . This oligomeric organization would increase considerably the binding affinity through higher avidity, as observed for all lectins. Furthermore, the four ppGalNAc-transferases may Fig. 2 . Ribbon-like model of the lectin-like region of GalNAc-T1 (A) and comparison with the three-dimensional structures of the B-chains of ricin and abrin-a. The two pseudo three-fold domains of the plant lectins are represented separately: (B) and (C) for ricin and (D) and (E) for abrin-a. All the structures have been superimposed by fitting the most conserved amino acids in the core (hydrophobic amino acids and cysteine residues). The lactose molecule which is present in the crystal structure of ricin has been represented by sticks, as well as the side chains of important amino acids.The color coding of amino acids is as follows: blue for those involved in the formation of the hydrophobic core, yellow for the cysteine residues involved in disulfide bonding, green for the residues directly involved in galactose binding and red for N-glycosylation sites. 1355 recognize different peptide acceptor sequences in a long mucin polypeptide chain and they should therefore be able to transfer GalNAc to already partially O-glycosylated proteins. A carbohydrate recognition site far from the active site of the enzyme may therefore allow the scanning of partially glycosylated mucins. Studies are in progress to test these hypotheses.
